Forty-five patients were allocated randomly to receive either a single intrathoracic block of four intercostal nerves, a continuous thoracic extradural infusion or a continuous paravertebral infusion of bupivacaine. Patients were allowed additional i.v. boluses of morphine via a PCA device. Segmental spread of pinprick analgesia was comparable in the groups for up to 20 h. Up to 2 h after the block, plasma concentrations of bupivacaine were greater in the intercostal group and there was large interindividual variation. There were no significant differences between the groups in pain, morphine consumption, respiratory function or adverse events. Moderate to severe respiratory depression was detected in 14 patients more than 2 h after operation. (Br.
Various methods have been used for the treatment of post-thoracotomy pain which represents the most severe type of postoperative pain with respect to intensity and duration [1] . Systemic opioid analgesics are used commonly for the treatment of postoperative pain but they are a potential cause of ventilatory depression [2] . Generally, greater doses of opioids are required after thoracotomy than after orthopaedic or lower abdominal surgery [3] . Nonsteroidal anti-inflammatory drugs are effective also in the treatment of pain and in reducing opioid consumption after thoracotomy [4] , but they may cause other adverse effects.
Different types of local analgesia have been used after thoracic surgery. However, these techniques have not been compared in many randomized, controlled studies after thoracotomy [5] . Intercostal nerve blocks have been described, but repeated blocks may be needed [6, 7] . High plasma concentrations of local anaesthetics have been reported after both repeated intercostal nerve blocks and during continuous infusions [8, 9] . Continuous thoracic extradural analgesia has been shown to produce effective pain relief after thoracotomy [10] but continuous extradural infusion of a combination of a local anaesthetic and an opioid usually requires monitoring in a high dependency unit [11] . During paravertebral block, an extradural catheter is placed extrapleurally under visual control [12] . A unilateral block may have less effect on circulation and breathing.
The aim of this study was to compare intrathoracic intercostal nerve block, continuous thoracic extradural block and continuous paravertebral block for the treatment of pain after thoracotomy.
Patients and methods
Fifty-one patients, ASA I-III, :75 yr of age, undergoing elective anterolateral thoracotomy at the Helsinki University Central Hospital gave their informed consent to the study, which was approved by the Institutional Ethics Committee. Before surgery, patients fulfilling the entry criteria were allocated randomly to one of three groups of postoperative pain treatment. Those with clinically manifest cardiac, hepatic or renal failure were excluded, as were patients with allergy to local anaesthetics or morphine. Those undergoing pleurectomy or unable to co-operate, those with a neurological disease or infection at the operation site and patients who had an FEV1 of less than 60 % from the reference value before operation were excluded.
All patients received morphine 0.13 mg kg Ϫ1 i.m. as premedication approximately 1 h before surgery. Anaesthesia was standardized [4] . At induction, patients received fentanyl 3 g kg Ϫ1 and thereafter no additional opioids were given. Anaesthesia was maintained with 50 % nitrous oxide and 1-3 % enflurane in oxygen. Inspired oxygen concentration was increased to 100 % during one-lung ventilation. End-tidal carbon dioxide concentration was monitored continuously and arterial blood-gas tensions were measured at least every 30 min to maintain normoventilation. Pulmonary operations were performed through a standard anterolateral thoracotomy at the fifth intercostal space.
For pain relief, patients were allocated randomly to three groups: intercostal group-before wound closure at the end of operation the surgeon performed intrathoracic unilateral intercostal nerve blocks (T3-7) with a total of 16 ml of 0.5 % bupivacaine; extradural group-a thoracic 20-gauge extradural catheter was introduced by the same anaesthetist before operation between the fifth and seventh spinal processes through an 18-gauge needle. The correct location of the catheter was confirmed with 4 ml of 2 % lignocaine; paravertebral group-a paravertebral catheter was placed during operation always by the same surgeon. Before closure of the thoracotomy wound, the catheter was inserted percutaneously via an 18-gauge needle at the midclavicular line in the second intercostal space into the pleural cavity. The parietal pleura was opened (length 1 cm) over the sympathetic trunk at the level of the third rib. An extrapleural pocket was fashioned between the posterolateral pleura and the chest wall. It extended from the posterior wound margin on the vertebral bodies to two intercostal spaces above and two below the thoracotomy incision. Thereafter the catheter was fixed with absorbable suture material (Catgut; Ethicon, Norderstedt, Germany) close to the sympathetic trunk and the opening in the parietal pleura was closed.
Patients in the extradural and paravertebral groups received a bolus dose of 0.25 % bupivacaine according to the height of the patient (8 ml for 150-160 cm, 10 ml for 161-180 cm and 12 ml for over 180 cm) before wound closure and a continuous infusion of 0.25 % bupivacaine 4 ml h Ϫ1 , 6 ml h Ϫ1 and 8 ml h
Ϫ1
, respectively, was started immediately after the patient had arrived in the recovery room. The infusion was continued for 48 h with an infusion pump (IVAC Syringe Pump Model 700; IVAC Corporation, San Diego, CA, USA). The position of the catheter was examined with x-ray and contrast medium (4 ml of Omnipaque 300 mg ml
; Nycomed Imaging AS, Oslo, Norway) in 10 patients in the extradural group and in eight patients in the paravertebral group.
Patients were encouraged to take supplementary doses of morphine 2 mg ml Ϫ1 i.v. from a patientcontrolled analgesia (PCA) device (Graseby Medical; Graseby Medical Ltd, Colonial Way, Watford, Herts, UK). The PCA device was programmed to provide a bolus dose of 30 g kg
. The lockout time was 7-10 min until the first postoperative morning and thereafter 12-15 min. All patients stayed in the recovery room during the first postoperative night.
Patients were interviewed 1 h after arrival in the recovery room and every hour for the first 6 h and then at 20 h, 24 h, 30 h and 48 h after operation. They were asked to assess the intensity of pain at rest and when coughing using a 50-cm visual analogue scale (VAS) [13] and a verbal rating scale (VRS: none ϭ 0; mild ϭ 1; moderate ϭ 2; severe ϭ 3). The upper and lower sensory levels of analgesia were assessed by pinprick sensation on both sides. The most caudal and the most cranial dermatomes insensitive to the stimuli were recorded.
On the first and second postoperative days the patients were evaluated for adverse effects (i.e. drowsiness, confusion, nausea, vomiting, itching, abdominal pain, dizziness, hallucinations, difficulties with breathing or allergic reactions). At the same time they were asked to rate their performance status (sleeping, mobility, drinking, eating and bowel function) using a scale of: absent (0), moderately impaired (1), slightly impaired (2) or normal (3).
Urine output was measured until the second postoperative morning. If patients had no spontaneous urine output the bladder was catheterized on the first postoperative morning and, when needed, on the second postoperative day. Crystalloids were infused until the first postoperative morning at 30 ml kg Ϫ1 via an infusion pump. Blood loss during operation and through the drainage after operation was measured and any loss exceeding 500 ml was replaced with packed red cells. Blood loss less than 500 ml was replaced with 6 % hydroxyethyl starch.
FEV1 and forced vital capacity (FVC) were measured with a pocket spirometer before operation and 2, 4, 6, 20, 24, 30 and 48 h after operation. Patients breathed 35 % oxygen via a Venturi mask at least until the first postoperative morning. Arterial blood-gas analysis was performed before operation and during and every 30 min after operation until 6 h after operation and again at 24 and 48 h after operation. Oxygen saturation was monitored continuously by pulse oximetry (
) using a finger probe until the first postoperative morning.
Blood haemoglobin concentration and packed cell volume were measured before operation, 1 h after operation and on the first and second postoperative days. Serum creatinine concentration was measured before operation and on the first and second postoperative days. Arterial blood samples were obtained in siliconized tubes for assay of plasma bupivacaine concentration before (T0) and 10, 30 and 60 min and 2, 4, 6 and 24 h after the bolus dose of bupivacaine in all groups and, in addition, 48 h after operation in the paravertebral and extradural groups. Plasma bupivacaine concentrations were measured by high-pressure liquid chromatography [14] . Samples were extracted with diethylether and demethyldoxepin was used as internal standard. The chromatographic system consisted of a C-8 reversed phase column and the mobile phase was acetonitrile-0.05 mol litre Ϫ1 of phosphate buffer, pH 3.3 (30:70 v/v). The concentration range was linear between 0.020 and 1.5 g ml
. The coefficient of variation for inter-assay determinations was 3.8 % (n ϭ 16) at a concentration of 1.18 g ml
.
The Kruskall-Wallis test was used for comparison of patient data. Two-way analysis of variance for repeated measures and Scheffé's method for testing all contrasts were used for analysis of VAS, VRS, consumption of morphine, bupivacaine concentrations and FEV1, followed by the Kruskall-Wallis test at individual times when needed. Urine output, serum creatinine concentration and blood loss were analysed with the Kruskall-Wallis test. The incidence of adverse effects and performance status were compared using the chi-square test. P : 0.05 was considered statistically significant.
Results
Forty-five patients completed the study and the groups were comparable for patient data (table 1) .
Six patients were withdrawn from the study: two in the paravertebral group and four in the extradural group. In one patient withdrawn from the paravertebral group, pleurectomy was necessary; the other patient was withdrawn immediately after the initial operation because of massive haemorrhage. In the extradural group, catheterization of the extradural space was unsuccessful in two patients, a third patient was unable to co-operate after operation and a fourth had severe nausea and vomiting starting after premedication and continuing after operation.
At rest, patients reported similar levels of pain. In the extradural group, however, patients experienced significantly more pain when coughing compared with the intercostal group in the immediate postoperative period (up to 4 h) (table 2). There were no significant differences between the groups in morphine consumption ( fig. 1 ).
Segmental spread of pinprick analgesia was comparable in the groups for up to 20 h ( fig. 2) . Thereafter the area of analgesia was significantly smaller in the intercostal group compared with both the extradural and paravertebral groups. Segmental spread of pinprick analgesia was significantly smaller in the paravertebral group than in the extradural group 48 h after operation (P : 0.05). The catheter was located correctly in all patients examined with x-ray.
There were no significant differences between the groups in ventilatory frequency, arterial oxygen tension ( (table 2, fig. 3 ). Four patients in the extradural group, three in the paravertebral group and one patient in the intercostal group had serious respiratory depression ( 2 CO a P 9 8 kPa) more than 2 h after operation. Six patients (two in the intercostal group, three in the paravertebral group and one in the extradural group) had moderate respiratory depression ( 2 CO a P 7-8 kPa). Six of these 14 patients were obese and two had hypertension. Nine of these patients consumed 1.5-2 times the mean dose of morphine. Four of the patients had no obvious explanation for the respiratory depression.
Plasma concentrations of bupivacaine differed significantly between the groups (fig. 4 ). Up to 2 h after the block, bupivacaine concentrations were higher in the intercostal group than in the extradural or paravertebral group. From 6 h after the block, bupivacaine concentrations were significantly lower in the intercostal group than in the two other groups. There were no significant differences between the extradural and paravertebral groups. The range in bupivacaine concentrations seemed to vary more in the paravertebral group than in the other two groups (range at 48 h: paravertebral 0.45-5.1 g ml Ϫ1 vs extradural 0.38-1.88 g ml
Ϫ1
; range at 10 min: intercostal 0.19-1.46 g ml
). There were no significant differences between the groups in either adverse effects (table 3) or performance status on the first or second days after operation. Mean postoperative hospital stay was 7-8 days in all groups.
Discussion
The consumption of PCA morphine in this study may be considered as a valid measure of the efficacy of the various local anaesthetic blocks as patients in the three groups titrated themselves to comparable levels of analgesia. At only 2 and 3 h after operation (36-100) (30-98) did the patients in the intercostal group have significantly less pain when coughing compared with the extradural group. This difference probably indicates superior early analgesia produced by the intercostal block. Surprisingly, the consumption of morphine did not differ significantly between the groups. The mean consumption of morphine (119.7 mg) in the intercostal group during the first 48-h period after operation agrees with the results of our earlier study using a similar study design [4] . This consumption was significantly greater than in most studies where supplementary opioids have been given i.m. on request [15] . The clinical impression is that supplementary analgesia with i.m. opioids on request results in inadequate analgesia [16] . It could be argued that the number of patients in the present study was too small to reveal any significant difference between the groups. However, with similar small patient groups and using the consumption of PCA morphine as the main indicator of analgesic efficacy, a significant difference was detected in our previous study between patients who received an intrathoracic intercostal nerve block with or without an i.v. infusion of diclofenac [4] . In the present study, according to the power calculation, 114 patients would have been required in each treatment group to detect a difference of 20 % in the consumption of morphine. 
Figure 4
Plasma bupivacaine concentrations were higher in the intercostal group ( ) than in the extradural ( ) or paravertebral ( ) groups up to 2 h after the block (** P : 0.0001 at 10 min, 30 min and 1 h after the block; * P : 0.05 at 2 h after the block). From 6 h after the block, bupivacaine concentrations were lower in the intercostal group than in the other two groups (* P : 0.05 at 6 h and ** P : 0.0001 at 24 h after the block).
Postoperative pain at rest was surprisingly high in all groups 1 h after operation. The interval from injection of bupivacaine to the beginning of the study was about 1 h, which should have been sufficient for the development of the block. Peroperative use of opioids could have produced better pain relief in the immediate postoperative period but this could have obscured the potential differences in the analgesic efficacy of the three different local anaesthetic blocks.
The efficacy of the three local anaesthetic methods was not very good. It was surprising that the intercostal block was as effective as the two continuous blocks. This may be explained by the prolonged narrow reduction in pain perception caused by the intercostal block. An explanation of the relative ineffectiveness of the two continuous blocks in our study may be that we did not exceed the recommended daily dose of bupivacaine (400 mg) [17] and did not use more concentrated solutions than 0.25 % bupivacaine or the volume of bupivacaine was too small.
Intrathoracic intercostal nerve blocks have been advocated as a reliable method for immediate postoperative pain relief because they are easy to perform during operation [6] . Asantila, Rosenberg and Scheinin [7] compared five methods for postthoracotomy pain treatment. In their study continuous extradural local anaesthetic block seemed to be somewhat better than single intrathoracic intercostal block, but the difference was not statistically significant.
Sabanathan and colleagues [12] demonstrated in a prospective double-blind trial that continuous extrapleural intercostal nerve block (paravertebral block) with bupivacaine provided significantly better pain relief and pulmonary function compared with placebo after thoracotomy. Their results are difficult to compare with ours because of differences in methodology. Matthews and Govenden [18] reported equally good post-thoracotomy analgesia with both extradural or paravertebral local blocks but the use of supplementary analgesics was not mentioned in their study. We did not find any advantage of a unilateral block on respiratory function. After paravertebral block, spirometry values were slightly lower than in the other groups, but the difference was not statistically significant. This is in accordance with the comparable VAS values at rest and similar opioid consumption in all groups.
In this study, 14 patients had moderate to severe respiratory depression. A possible reason for this could be administration of relatively high doses of opioids. Indeed, nine of 14 patients who had respiratory depression had taken 1.5-2 times the mean opioid consumption. Possible predisposing factors include obesity and hypertension [19] . Respiratory acidosis and hypoxia may be detrimental for these patients who often have cardiac problems because an increase in hypoxic pulmonary vasoconstriction may lead to cardiac failure [20] . Further, acidosis may potentiate the cardiotoxicity of bupivacaine [21] . We observed great interindividual variation in arterial plasma concentrations of bupivacaine, especially in the paravertebral group. The variability of the bupivacaine concentration in the paravertebral group could result from adsorption from and leakage out of the surgically created compartment. Convulsions have been reported at venous blood concentrations of bupivacaine of approximately 2-4 µg ml Ϫ1 [21] and some evidence of central nervous system toxicity has been reported at even lower plasma concentrations of bupivacaine [22] . In the present study the highest individual concentrations of bupivacaine in the paravertebral (5.1 µg ml
Ϫ1
) and in the extradural group (l.88 µg ml Ϫ1 ) were observed 48 h after the beginning of the study, whereas the highest concentration in the intercostal group was 1.46 µg ml Ϫ1 10 min after injection. However, no signs of bupivacaine toxicity were detected in any of these patients who were under close observation during the first 24 h. Others have reported much higher bupivacaine concentrations (mean 4.92 µg ml Ϫ1 , maximum 7.48 µg ml Ϫ1 ) during continuous infusions of paravertebral block [23] .
None of these three techniques produced good pain relief after thoracotomy. The three methods had comparable risk-benefit ratios. The required PCA doses of morphine were high and respiratory depression occurred in one-third of the patients. 
